Silver nanowires (AgNWs) have been the most promising electrode materials for fabrication of flexible transparent touch panel, displays and many other electronics because of their excellent electrical properties, cost effectiveness, synthesis scalability, and suitability for mass production. Although a few literature reports have described the use of short Ag NWs in fabrication of randomly oriented Ag NW network-based electrode, their electrical conductivities are still far lower than that of Ag films. So far, no any literature report was able to provide any simple solution to fabrication of large-area and mass-manufactural ability to address the issues, such as, conductivity, transparency, electrical current withstand, bending stability, and interfacial adhesion. In the current work, we provide a simple solution to conquer the above-mentioned challenges, and report the development of long Ag NW bundle network electrodes on large area PET films that were coated, aligned, and bundled quickly and simply using a steel roller. Our developed AgNWs-bundle networks had superior performance in optoelectronic properties (sheet resistance 5.8 Ω sq −1 ; optical transmittance 89% at 550 nm wavelength), electrical current withstand up to 500 mA, and bending stability over 5000 bending cycles, and strong interfacial adhesion.
Transparent conductive electrodes (TCEs) with high electrical conductivity and optical transmittance are widely used in numerous optoelectronic devices, such as organic light emitting diodes, touch screens, solar cells, and wearable electronics [1] [2] [3] [4] . Conventional TCEs are based on indium tin oxide (ITO). Thus, devices fabricated with ITO cannot be flexible, stretchable, or wearable 5, 6 . Several novel materials from which flexible TCEs can be produced have been studied, including graphene 7 , carbon nanotubes 8 , hydrogels 9 , and metal nanowires 10, 11 . Among these materials, silver nanowires (AgNWs) have been the most promising alternative because of their excellent electrical properties, cost effectiveness, synthesis scalability, and suitability for mass production 11, 12 . In the recent years, several AgNWs problems have been partially improved. For example, because the processing temperature must be kept below 130 °C to realize TCEs on flexible polymer substrates, such as polyethylene terephthalate (PET) films, some sintering techniques other than thermal sintering have been proposed, such as a high-pressure pressing process (up to 25 Mpa) 13 , a light-induced plasmonic nanowelding technique 14 or an electrowelding technique 15 . Although the sheet resistance of 8.6 Ω sq −1 with 80% optical transmittance was achieved after the above sintering process, it's difficult to apply the above sintering techniques for large-scale TCEs process. The other critical issues, such as poor adhesion to substrates 16, 17 oriented [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and thus do not perform optimally. In the past studies, these methods result in AgNWs on electrodes that are randomly oriented, and thus do not perform optimally for optoelectronic applications. Alignment of AgNWs are one of the ways to improve the efficiency of electrical transmission. Various techniques have been employed to align the nanowires, including the Langmuir-Blodgett technique 22 , shape memory polymer shrinking 23 , capillary printing with nanochannels 24 , water-bath assisted convective assembly 25 , and meniscus-dragging deposition 26 . Recently, 2 × 2 mm 2 silver nanowire ordered arrays were developed by using nanotemplate imprint-lithography technique 27 . Although these techniques successfully aligned the nanowires to reach 20 Ω sq −1 with 92.9% optical transmittance, they required certain preparation such as additional transfer processing, substrate pretreatment, or nanoscale prepatterning, that limited the mass production ability of large devices that used them. In addition, the well-aligned NWs, which were deposited in parallel, greatly reduced the intersection points of AgNW networks. Thus, short AgNW networks with high degree of alignment lose some conductivity. In general, metal bundles have been widely used in electronics, such as in wire cords, to provide excellent electrical transmission due to the increasing of the contact area between parallel wires. Up to date, most of metal nanowire bundles are in out-of-plane structures 28, 29 . Because of the difficulty of bundle manipulation and assembly of metal wires at the nano scale, only few metal nanowires have been successfully realized to in-plane bundles, such as gold nanowire bundles fabricated by using template-assisted techniques 30 . So far, no literatures proposed any simple solution with large-area and mass-manufactural ability to simultaneously address the AgNWs issues, such as high conductivity, high transparency, low electrical current withstand, low bending stability, and poor interfacial adhesion. In this paper, we report the development of long AgNW-bundle network electrodes on PET films that were coated, aligned, and bundled quickly and simply using a steel roller. The proposed AgNWs-bundle networks had superior performance in optoelectronic properties (sheet resistance 5.8 Ω sq ; optical transmittance 89% at 550 nm wavelength), electrical current withstand (up to 500 mA),and bending stability (over 5000 bending cycles with a bending radius of 1 mm), and strong interfacial adhesion compared with ITO in the same system. Additionally, their efficiency was comparable and they greatly improved durability. This technique can be easily applied to large-scale AgNW networks, in which substantial improvement in conductivity can be achieved at low temperatures. Silver grows along the{111} facets in a polyol solution (containing PVP, NaCl and AgNO3. We synthesized AgNWs using the nitrate ion-promoted polyol process reported previously 31 , with the exception that the dispersing agent PVP with molecular weight 1300 k was used, which ensured the fabrication of high-aspect-ratio long AgNWs. After synthesis, the AgNWs were precipitated using acetone to remove the ethylene glycol (EG) in the original solution. The AgNWs were then resuspended with isopropyl alcohol (IPA) to a concentration of 20 mg mL . AgNWs of three lengths and similar diameters were obtained for the experiments that followed. Synthesized AgNWs with length 82 μm and diameter 45 nm had the highest aspect ratio (up to 1800), as displayed in Figure S1a (Supporting Information). Single AgNW was measured about 4.95 Ω/μm. We prepared aligned AgNW-bundle networks through a rolling process (Fig. 1a) , which coated PET films quickly and easily. AgNW networks were rolled onto 125-μm PET films using a Meyer rod #14 wound with wire of diameter 0.36 mm, and were heated on a hotplate at 120 °C. The AgNW network-coated PET film was rinsed with DI water for 30 s to remove PVP from AgNW surfaces and then dried on a hotplate. The aligning and bundling process was dominated by the following mechanisms: (i) The Landau-Levich meniscus dragged the wetting film and created a sheer stress gradient in the coating direction (Fig. 1b) 32 .
(ii) Evaporation-induced convective flow carried the AgNWs into the dry voids formed by surface tension (Fig. 1c) . (iii) As the AgNW wetting film dried out, AgNWs were squeezed between two voids and aligned AgNW-bundle networks were formed. The deposited AgNW bundles had an elliptical shape (Fig. 1d) .
In conventional roll coating, the wet film dries before it breaks 11, 12, 33 . In our approach, however, we dried the AgNW wetting film more slowly, over a period nearly equal to the time it would take the AgNW wetting film to dry naturally. AgNW-bundle networks were formed by controlling the drying temperature and rolling speed simultaneously. The capillary fluid in the Landau-Levich meniscus near the substrate induced a shear stress that prolonged the voids of the AgNW wetting film during drying. The film's thickness was calculated using the fol-
, where μ is the viscosity of the AgNW suspension, U is coating speed, γ is surface tension, and r is the meniscus radius. Due to the small wire diameter (0.36 mm) on the roller, which induces meniscus flow, the radius of meniscus can be simplified to r = 2h 0 , where h 0 represented gap height between the roller and the PET substrate 34 . If the coating speed is increased, the viscous suspension stretches the meniscus and increases its radius, leading to a thicker wetting film. The properties of AgNW suspensions are listed in Table 1 , and the relationship between thickness and coating speed is calculated and displayed in Figure S1b . , where M a is the Marangoni number, h is the wetting film thickness, and λ is half of the void size 35 . The fluid system is dominated by evaporation-induced convective flow when M a is larger than 80. As mentioned, the AgNW wetting film is thicker if a higher coating speed is used, and the sheet resistance of the aligned AgNW-bundle network is lower. Using this approach, we can control the sheet resistance not only by tuning the AgNW suspension concentration, but also by adjusting the coating speed.
The dewetting velocity of the AgNW suspension was calculated by
, where k is a property of the fluid and can be taken as 10 −6 for an IPA-based system. We calculated the dewetting and drying velocities to be 918 and 106 μm s As the wetting film thickness increased because of an increase in coating speed, the voids grew larger because of a longer drying time.
The AgNWs were squeezed into aligned bundle networks dominated by surface tension effects. We first examined the alignment directions of the AgNWs bundles and the void sizes between AgNW bundles when various coating speeds were used, as shown in Figures S2a-f . The voids produced were larger if a higher coating speed was used, and the experimental results were in agreement with the calculated results. The AgNW-bundle network fabricated using a coating speed of 10 cm s −1 was the most aligned. Scanning electron microscopy (SEM) images of bundled AgNWs fabricatsed using various coating speeds are displayed in Fig. 2g , h and S3. Figure 2b is a polar plot of the sheet resistance and the fraction of AgNWs that were aligned when a coating speed of 10 cm s −1 was used. From the measurements, more than 85% of AgNWs in the network were oriented within ± 30° of the average orientation for this speed. The correspondence between vertical void size and coating speed, as shown in Figure S4 . The sheet resistances parallel and perpendicular to the coating direction were 3.6 Ω sq −1 and 8.5 Ω sq
, respectively. This electrical anisotropy was due to the weak connectivity of the aligned AgNWs perpendicular to the coating direction. Figure 2c shows the polarized transmittance at NIR spectrum of aligned-bundles AgNWs network with vertical void sizes from 13.1 μm to 6.7 μm. The spectrum from wavelength 1000 nm to 2500 nm were obtained at polarization angle of 0° and 90° that represent two sample located parallel and perpendicular, respectively, under an un-polarized light source. The polarized transmittance demonstrated the prominent anisotropies of aligned-bundles AgNWs network. The transmittance of AgNWs network with void size 13.1 μm observed at polarization angle of 0° is 10% higher than that at polarization angle of 90° (8.3% degree of polarization at 2500 nm). For the void size of AgNWs network keeping narrowing down to the wavelength of NIR, the degree of polarization should enhance according to Saito's equation. However, as the void size keeping narrowing down, the degree of alignment decreased as well. As a result, the degree of polarization dropped with decreasing void size. For AgNWs network with average void size 6.7 μm, the transmittance at NIR spectrum shows 2% difference between polarization angle of 0° and 90° (1.5% degree of polarization at 2500 nm). Hence, we defined align-bundles AgNWs network with void size 6.7 μm were randomly oriented. Figure 2d- 3 represented the dewetting velocity of wetting film. For Fig. 2d , the connection between coating speed and void size is shown and calculated with a drying temperature of 120 °C and a gap height of 0.8 mm. It is notable that void size of AgNWs network below 6.7 μm was defined randomly oriented in this paper and void size above 40 μm could be regarded as AgNWs tangled during the roll coating process. As for Fig. 2e , the connection between drying temperature and void size is shown with 2 cm/s coating and 0.8 mm gap height. By tuning the roll coating conditions, we can easily align and bundle AgNWs and obtain aligned-bundles AgNWs network with different void sizes. Figure 2f demonstrates the relationship between gap height and AgNWs suspension properties on the PET substrate. Reported roll coating process to date was operating at condition that the roller was closely contacted with target substrate (gap height < 0.1 mm).
Here, we improve the roll coating process that prominently aligned and bundled long AgNWs. The mechanisms of dewetting and evaporation induced aligning and bundling process and degree of AgNWs alignment were fully development. From the results, the regions for roll-coated randomly oriented AgNWs network and aligned-bundles AgNWs network are calculated and determined in Fig. 2d-f . PVP on AgNW surfaces, which causes a high contact resistance of up to 1000 Ω sq −1 between AgNWs, can be removed by water rinsing 14, 36 . For a randomly oriented AgNW network without bundling, the sheet resistance was found to be 14.8 Ω sq −1 with 89% optical transmittance (at 550 nm). After water rinsing was performed, the AgNW-bundle networks assembled using AgNWs of length 82 μm performed outstandingly, having a sheet resistance and optical transmittance of 5.8 Ω sq −1 and 89% for a coating speed of 2 cm s , respectively, that are superior to those found when ITO 6 and other AgNW-based hybrid electrodes 24 were used, as illustrated in Fig. 3a . The sheet resistance of the AgNW networks was higher when coating speed was increased, but the optical transmittance decreased. Compared with graphene-Ag nanowires 12 and randomly oriented AgNW networks, the sheet resistance of aligned AgNW-bundle networks varied little at 0.19% and 0.1% for the aligned and orthogonal bundles, respectively, as shown in Fig. 3b. Figure 3c shows the bundle and the bundle node, which boosted the performance in electronics and mechanics.
The sheet resistance increased 300% after the randomly oriented AgNW network without bundling was peeled with a 3 M scotch tape 100 times. However, in addition to having boosted electrical conductance, the aligned AgNW-bundle network after PVP removal also demonstrated strong adhesion to the PET substrate, and had the same sheet resistance after 100 peelings, as depicted in Fig. 4a . The strong adhesion to the PET substrate was probably due to the AgNW-bundle nodes. Firm adhesion to the substrate can improve the bending performance of the AgNW network because most failures are caused by loose contact between AgNWs and the substrate 16, 17 . In addition to have stronger adhesion, bundled AgNWs can survive post-treatments or subsequent processes such as polymer spin coating or solvent cleaning that are used in the fabrication of optoelectronic devices.
Corrosion resistance and stability under harsh conditions are critical concerns for metal nanowire-based TCEs 22, 23, 37 . Flexible polymer substrates such as PET are porous; therefore, vapor, oxygen, and sulfide gases that can damage AgNWs can penetrate PET with sufficient time. Furthermore, optoelectronic devices are designed for operation under temperatures that fluctuate regularly and substantially. Hence, thermal fatigue stability is essential for their practical applications. AgNW-bundle networks of various thicknesses and randomly oriented AgNW networks were heated for 30 min and then allowed to cool at room temperature for 5 min to measure the sheet resistance. The AgNW networks were operated at 200 °C and the cycle was repeated 48 times on glass substrates, as shown in Figure S5 . The SEM images in Figure S5 (inset), taken after the 48 thermal fatigue cycles, show AgNW bundles (upper) and randomly oriented AgNWs (lower). The sheet resistance of the bundled AgNWs of thickness 117 nm increased by 228%, whereas that of the randomly oriented AgNWs increased by more than 1000%. To explain why the durability of randomly oriented AgNWs without bundling and AgNW bundles differs, we checked the morphology of the electrodes using the SEM images. The randomly oriented AgNWs were severely oxidized and had broken apart, which caused their extreme sheet resistance. The morphology of the AgNW bundles, however, remained unchanged after 48 cycles at 200 °C. AgNWs were also observed under applied electrical currents, as shown in Fig. 4b . The randomly oriented AgNW network was damaged at 0.1 A and the sheet resistance of the AgNW-bundle network slightly decreased 2.7% under an applied current of 500 mA.
Transparent conductive layers on flexible plastic films suffer from mechanical fracture mainly during repeated bending when used in flexible optoelectronics. Some studies have performed bending reliability tests consisting of 1000 bends with a radius of 1.25 mm for the aligned AgNWs electrodes 24 and 3000 bends with a bending radius of 5 mm for the AgNWs/PEDOT/ITO composite electrodes 37 . The bending reliability of our AgNW network TCEs was tested by bending them more than 5000 times with a bending radius of 1 mm, and only an 13% change in resistance after 5000 times was demonstrated until the PET film fractured before the 5500 th cycles, as shown in Fig. 4c . When a PET film was coated with ITO, resistance increased by 550% after only one bending, as shown in Inset of Fig. 4c . The AgNW-bundle networks with thickness of 117 nm remained highly conductive after seven full folds, as shown in Fig. 4d . We estimated that the enhancement of strength against folding could be a result of the AgNW bundling. Furthermore, AgNWs with larger stacked thicknesses were stronger against folding.
Bulk heterojunction photovoltaic cells using the P3HT:PCBM blend were fabricated with ITO and aligned AgNW-bundle networks on PET films capped with a layer of PEDOT:PSS, as shown in Figure S6a and b. ITO/PET and the aligned AgNW-bundle network on PET had similar characteristics, with open circuit voltages of 358 and 310 mV, short circuit currents of 18.69 and 18.56 mA cm −2 , fill factors of 0.30 and 0.32, and power conversion efficiencies of 2.01% and 1.84%, respectively. The surface roughness of the aligned AgNW-bundle networks was 104 nm, and this was pressed to 66 nm. After PEDOT:PSS capping, the surface roughness was further reduced to 14 nm, which is close to that of ITO/PET, and resulted in a similar shunt resistance of 413 Ω compared with 459 Ω, respectively. Current density versus voltage for cells under 100 mW cm −2 AM1.5 G illumination is shown in Figure S6c . Our AgNW-bundle network-based solar cell achieved 91.5% of the power conversion efficiency of ITO on PET films. The low sheet resistance and high transmittance of the AgNW-bundle networks resulted in highly efficient carrier transport and a reduction in the power lost within the networks.
We demonstrate transparent conductive AgNW networks, which the long AgNW nanowires were manipulated to arrange in bundles caused by evaporation-and-surface-tension-induced convective flow during the roll coating process. We tuned the performance, mechanical properties, and stability of the network through the control of the coating speed and substrate temperature. The polarization measurements have the same tendency as the morphological measurements from the SEM images. Compared with the randomly oriented-and-distributed nanowires, the nanowires, which are bundled by the roller, are redistributed on the plastic films to slightly improve optical transmittance but are greatly enhanced for conductivity, flexibility, and interfacial adhesion. The boosted performance of the developed AgNW networks, which is due to the bundling of the long nanowires, is comparable or even superior to other TCEs, such as ITO, graphene 7 , aligned AgNW networks 24 , and AgNWs/ PEDOT/ITO 37 , as shown in Table 2 . This simplicity of this approach can be further extended to other metal nanowire networks, such as gold, copper, and aluminum. Our aligned AgNW-bundle networks, which demonstrated boosted performance and remarkable advantages over other networks, are suitable as electrodes for flexible transparent electronic devices.
Experimental Section
Sources of chemicals. EG (J.T. Baker), silver nitrate (AgNO3, Showa), poly(vinylpyrrolidone) (PVP, Aldrich, MW = 1300 k), sodium chloride (Showa), and potassium nitrate (Showa) were used as received. Silver nanowire synthesis. NaCl (50 μL, 0.766 M in water) was added to an EG solution (10 mL) in a glass vial, followed by the addition of KNO 3 (1 g). The solution was then maintained at 140 °C in an oil bath and stirred constantly at 50 rpm until all the KNO 3 dissolved. Another EG solution (10 mL) containing PVP (0.396 M in terms of repeating monomer units) and AgNO 3 (0.15 g) was mixed and then slowly injected into the 140 °C EG solution. The final solution was then heated at 140 °C for an additional 4, 8, and 12 h in an aerobic environment. The AgNW products were injected into acetone and then precipitated to remove the remaining EG. Next, the acetone was removed and the precipitated AgNWs were blowdried with nitrogen. Finally, the AgNWs were redispersed in isopropyl alcohol (10 mL), resulting in a AgNW suspension of concentration 20 mg mL Table 2 . List of transparent conductive electrode performances with different materials and composition.
Transmittance is compared at 550 nm and the uniformity is presented with coefficient of variation, which were measured with TCEs sheet sizes 0.6 × 0.6 cm 2 to 1 × 1 cm 2 . The adhesion was tested by 3 M scotch tape.
